In this paper, a simple piezoelectric floating mass transducer (PFMT) for implantable middle ear hearing devices (IMEHDs) is proposed and its modeling and designing are studied. The transducer which can be implanted in the meddle ear consists of a PMN-PT multi-layered piezoelectric actuator, an elastic material, and a metal case. The proposed transducer has a simple structure and the force generated from the piezoelectric actuator is efficiently transferred to the ossicles of the middle ear. For the analysis of the vibration characteristics, the transducer attached on the ossicle is simplified into a simple mechanical model considering the mass of an incus. And the vibration displacement of the model is calculated using computer simulation and verified by the experimental results. It is shown that the designed PFMT can allow implantation in the middle ear cavity and provide a sufficiently high output of more than 100 nm of vibration displacement. Plus, it is verified that the vibration characteristics of PFMT can be controlled through adjustment of the metal case size and the elastic material of the transducer. key words: implantable middle ear hearing device, vibration transducer
Introduction
IMEHDs are a dynamic research area. Several different types of IMEHD have been studied and totally or partially implantable hearing aids are currently under development [1] - [6] . As compared to conventional hearing aids, the IMEHDs provide some practical improvements such as the reduced sound distortion, better sound quality and speech recognition, reduced feed-back, and less discomfort due to removal of the ear canal occlusion by hearing aids.
The most important component of an IMEHD is the transducer which provides a direct mechanical interface in the human middle ear. Normally, the transducers to be used in current IMEHDs require the driving force to make the stapes displacement of about 100 nm [7] . Since many types of the vibrating transducers have been proposed, the electro- † † The authors are with Advanced Research Center for Recovery of Human Sensibility, Kyungpook National University, Korea.
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magnetic [1] - [3] , [5] , [6] or piezoelectric [1] - [4] transducers driving the ossicular chain have shown that they could provide high output force to the ossicles. As one of wellknown vibration transducers for IMEHDs, the Vibrant Medel's floating mass type electromagnetic transducer (FMT) is small enough that it can be directly coupled to the incus within the middle ear for the simplified surgical procedure.
But it has the problem that the magnet of the transducer must be removed when the patient has to be in the strong magnetic field such as magnetic resonance image (MRI) system. In the case of piezoelectric transducers, meanwhile, they are advantageous for the fully implantable hearing devices because of less power consumption and more compatibility with external magnetic environment like MRI than those of the electromagnetic transducers. Up to now, piezoelectric transducers has been developed as the type of pushing rods which contact the ossicles with proper pressure and a fixing plate for the rods is screwed over the mastoid cavity. So, these transducers involve a complicate surgical procedure due to the significantly precise contact between the transducer and ossicles. Therefore, an another type for piezoelectric transducers has been demanded for simple surgical process, low power consumption, and no interference with the external magnetic field. As a new type of the piezoelectric transducer for IMEHDs, in this paper, a piezoelectric floating mass transducer (PFMT) with the advantages of conventional piezoelectric transducers is introduced. Also, the practical design parameters are presented as well as the mechanical modeling of the proposed PFMT. To design the vibrating characteristics of the PFMT, the vibration properties and force originating from the actuator were investigated through the mechanical modeling of the PFMT attached on the incus. The properties of the PFMT components are described using computer simulation and the model in which the PFMT attached on the incus is implemented on the basis of the design parameters. The properties of design parameters is validated through the vibration experiment of the implemented model. It is shown that the frequency characteristics of the transducer can be controlled by the mass of metal case and the elastic material.
Structure of PFMT
Several configurations of the piezoelectric transducers for IMEHDs are proposed and have been researched [1] - [4] . Fig. 1 Schematic of the piezoelectric floating mass transducer (PFMT) for implantable middle ear hearing devices. The PFMT is attached to the incus long process via a titanium clamp and the height, h, and the diameter, d, of the PFMT are limited by the confined space within the middle ear cavity. Note that the PFMT is positioned so that the center axis of the cylinder is aligned with the natural motion of the ossicular chain.
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The established piezoelectric transducers are characterized as simple construction and wide frequency characteristics. But all of them require complex surgical procedure for fixation of the transducer in the middle ear with proper contact pressure and precise positioning to ensure the pushing rod without restricting the movement of ossicular chain.
Therefore, a realization of the piezoelectric floating mass type transducer that has the simple surgical process similar to Vibrant Med-el's FMT is needed. Our proposed transducer is clamped on the incus long process as illustrated in Fig. 1 . The transducer is positioned that the center axis of the cylinder is aligned with the natural motion of the ossicular chain and vibrates the ossicular chain according to the force originating from the piezoelectric actuator.
The principle of floating transducer actuation is an inertial transfer of vibratory energy [6] , rather than prior conceptual piezoelectric devices which is a displacement transfer of vibratory displacement acting between two points. The masses of transducer components are important in the inertial system. The composition of the PFMT in the middle ear can transfer the energy from the piezoelectric actuator to the ossicle efficiently using the mass of the metal case.
The structure of the PFMT is shown in Fig. 2 and an end side of the piezoelectric actuator is fixed to the metal case and the other side is attached to the incus long process through a piece of rubber and a clamp, and the ossicle and the metal case vibrate simultaneously according to the expansion and contraction of the piezoelectric actuator. If the metal case weighs very heavy, all of the displacement from actuator is transferred to the incus side perfectly. If the ligaments of the incus and the rubber of the PFMT are disregarded and the case mass is equal to the incus mass, the vibration displacement of the incus and the case is equal justly and the directions of displacement are opposite.
It has been reported that the effects of mass loading on the ossicles are more prominent at high frequencies using floating mass type transducer [8] and many of hearing loss patients require more amplification of high frequencies than low frequencies [9] . Most of these patients experience deficits in speech intelligibility because they suffer from hearing loss of above 1 kHz and below 8 kHz. But, practically, the 100 Hz to 4 kHz bandwidth is enough for human communications. Therefore, the transducer is tuned to provide significant output in the range of 1 kHz to 4 kHz. Because the vibration characteristic of piezoelectric actuator itself is flat over the audio frequency range, the elastic material is inserted between the clamp and the actuator to magnify the displacement within this frequency range, consisting resonant system. Due to the limited space in the middle ear cavity, the PMN-PT multi-layered piezoelectric actuator is adopted to multiply the vibration force. The multi-layered actuator as in Fig. 3 has been shown to exhibit voltage-displacement linearity [10] and the PMN-PT piezoelectric material has shown a more special quality than the PZT material [11] .
Design Parameters
A number of factors, including dimensions, generated force, weight, power consumption, and biocompatibility, limit the range of design parameters of the transducers for IMEHDs.
Dimensions of the Transducer
The PFMT is surgically implanted and attached to the incus long process via a metal clamp. However, due to the confined space between the tympanic membrane and the incus, the dimensions and the mass of the transducer are limited, thus restricting the output. The size of the actuator which can be attached to the ossicle in the middle ear cavity has a diameter of 3-4 mm and height of 2.4 mm as shown in Fig. 1 . In case of the FMT, the maximum size is a height of 2.4 mm and the minimum requirement of sound pressure level is 100 dB SPL [6] .
The geometry of the middle ear implies limitation on the size and placement of the PFMT. The surgical procedure of the PFMT is similar to that of FMT. The height of cylinder is less than 2.4 mm long and the diameter is less than 3 mm. Wengen et al. found that a diameter of 3 mm is reasonable for middle ear implants, and diameters up to 9 mm might be possible, if a part of the ossicular chain would be removed [12] . In our study, the size of the transducer must be smaller than the diameter of 3 mm and the height of 2.2 mm in order to be implantable in most human middle ear.
Force of the Transducer
A practically useful implantable transducer should be able to generate forces corresponding to acoustic sound pressure levels of at least 100 dB SPL. According to the data presented by Maniglia [3] , it is estimated that the force needed to drive the incus to the equivalent of 100 dB SPL is about 8.9 × 10 −5 N. In a multi-layered actuator, the displacement ∆T and the driving force F P produced from an actuator with n layers excited by an applied voltage V are given by
where d 33 is the strain coefficient [m/V], and k T is the stiffness [N/m] of piezoelectric material [13] . As expressed in Eq. (1), large displacement can be generated by applying relatively low voltage because the total displacement ∆T is the sum of the displacements of the individual layers, unlike traditional linear piezoelectric actuators. In the case of the actuator used in this research, the displacement is 0.01 µm per one Volt and the stiffness of PMN-PT is 11.2 × 10 10 N/m. So the generated force is 1.06 × 10 −3 N/V per 1 mm 2 , as shown in Eq. (2) . If the driving voltage is 20 V pp , then the force originating from the PMN-PT actuator is 21.2 × 10 −3 N and this force is enough for the transducers of IMEHDs.
Mass of the Transducer
When the implantable hearing aid is turned off, sound transmission is influenced by the mass of the transducer. It has been reported that a loading of less than 110 mg is assumed to have negligible effect on the behavior of the ossicular chain [3] . In more recent temporal bone studies, the results showed that addition of a mass on ossicular chain produced a frequency-dependent decrease of stapes displacement, which was more pronounced at high frequencies [14] .
It was demonstrated that the greater the loading mass, the less the displacement of the stapes footplate [15] .
Therefore, small mass of transducer is important requirement for IMEHDs. But the mass of a PFMT is limited by the generation of vibration displacement. In order to maximize the force generated from the transducer while keeping damping at an acceptably low level, the mass of the PFMT including the clamp and biocompatible casing, should preferably not exceed 50 mg.
Power Consumption of the Transducer
The generated force by the piezoelectric actuator can be grown by increasing the voltage through the piezoelectric material. The total power consumption of hearing aid may be very important. For piezoelectric transducer, power requirements of 2.5 mW for an output corresponding to 120 dB SPL at 1 kHz was reported [16] , which is reasonable for implantable hearing aids.
When the piezoelectric actuator is operated mostly below its resonant frequency, the behavior of the actuator can be approximated to that of a capacitor. The small signal capacitance C can be estimated by summing the capacitances of all the n layers.
where ε 0 is the permittivity in free space, 33 is the relative permittivity of the dielectric, A is the electrode surface area and t is the single layer thickness. When excited with a sinusoidal voltage V rms , the current I rms and power P rms at a frequency f are given by I rms = 2π f CV rms , and
The PMN-PT multilayered actuator has a capacitance of 2 nF, which resulted in the current consumption of 12 µA rms and a power consumption of about 8 µW/V of excitation at 1 kHz. Using our transducer at 20 V pp , the power consumption is about 56 µW, which is extremely reasonable for implantable hearing aids.
Biocompatibility
Biocompatibility is an essential condition for any implantable system. To enhance the durability and biocompatibility of the PFMT, 3 µm-thick parylene can be uniformly deposited on the entire surface without attenuating the vibration.
Mathematical Modeling of PFMT Attached on the Incus
To verify the vibration characteristics of the transducer, the PFMT which is attached on the incus is modeled and the factors limited the design parameter is analyzed to design the practical transducer. The stapes displacement of 100 nm is enough for the transducer to be used in current IMEHD and the magnitude of ossicles motion required for the perception of very loud sound is very small. The stiffness related to the incus is very small and the motion of incus is transferred to the stapes very well. The PFMT is attached on the incus long process via a clamp and the incus and the metal case vibrate simultaneously. The simplified incus vibration with the PMFT is shown in Fig. 4(a) . Incus M 1 , rubber, piezoelectric actuator M P , and metal case M 2 are connected sequentially. The vibration displacement of the incus occurs in the force F due to the piezoelectric vibrator's expansion and contraction.
To analysis the vibration properties of the incus with the PFMT, if it is assumed that the stiffness k and the damping C are representative of the rubber and the incus considers only the weight M 1 , then the incus with the PFMT is simplified to two degrees of freedom system as shown in Fig. 4(b) . For two degrees of freedom system, if the exciting force from the actuator is F, then the equation of motion is given by the Newton's 2nd law of motion [17] .
where M T is the summation of the M P and M 2 . If we assume the solution of Eq. (5) is Eq. (6) and the vibration motion is a harmonic motion of free vibration, then the vibration displacement is simplified into Eq. (7).
where ω is the circular frequency of vibration, x 1 (t) is the vibration displacement of M 1 , and x 2 (t) is the vibration displacement of M 2 . From the frequency equation, the natural frequencies are ω 1 = 0, and
From Eqs. (7) and (8), the vibration displacement of the incus X 1 is proportional to the exciting force and the resonant frequency is proportional to the square root of the metal case weight ratio. The force transferred to the incus is solved by the action and reaction as shown in Fig. 5 . Figure 5 shows the displacement of the vibration driven by the action and reaction of the piezoelectric actuator force, F P . Assuming M 1 , M P , and M 2 move in the same straight line and the actuator expands the displacement, ∆d, by the same amount on the both sides, the displacement, ∆d, can then be expressed by the following equation. When the actuator expands the displacement by ∆d toward M 1 , the movement toward M 1 is only s 1 due to the action and reaction, and the movement toward the other side isś 1 . Meanwhile, when the actuator expands the displacement by ∆d toward M 2 , s 2 andś 2 occur in the same way. Thus, the displacement toward M 1 is s 1 + s 2 . The relationship between the weight and the displacement is given by the Newton's 3rd law of motion.
From Eq. (11), the displacement amplitude toward the incus s 1 +s 2 is proportional to the ratio of the masses and the vibration displacement of the actuator. If M 1 is equal to M 2 , then the displacement amplitude toward the incus is a half of the displacement of the actuator itself. It is clear that the vibration of the incus with the PFMT are predicted to change considerably when the weight of the metal case M 2 changes. It is therefore very important for the design of PFMT to select the optimum weight of the metal case and the elastic coupling.
Computer Simulations and Experimental Verification
To estimate the vibration characteristics of the incus using the PFMT, a simulation program using C-language was developed to calculate the vibration displacement of the introduced mechanical model. The calculations were based on the displacement X 1 in Eq. (7). The force F was calculated according to the displacement toward to the incus from Eq. (11). Since the simulation was performed to show the variation of the resonant frequencies according to the change of the rubber stiffness, this simulation doesn't include the information about the damping effect of the elastic rubber. The damping of the rubber doesn't change the resonant frequency of the vibration characteristics but it influences the vibration displacement near the resonant frequency.
To confirm whether the proposed mechanical model using the PFMT could generate a vibration, two mechanical models were realized using two actuators. The unloaded frequency characteristics of two actuators are shown in Fig. 8 . After measuring the displacement of the unloaded actuators, the vibration displacements of the realized mechanical model were measured to analyze the vibration characteristics.
Computer Simulations
To simulate the displacement of the incus, the displacement originated from the actuator was presumed to be 200 nm, the incus mass was 27 mg [18] , the actuator mass was 15 mg, and the rubber mass was 0.1 mg. It was assumed that the resonance frequencies in Eq. (8) were at 2 kHz and 4 kHz. Simulations were performed using three different case masses. Figure 6 shows the results of simulation for vibration displacement. The damping C was disregarded and the displacements X 1 were calculated according to the stiffness of 2,595 N/m and 7,709 N/m varying the case weights 10, 27, and 37 mg, respectively. Figure 6 shows the results of simulation that the variations of the elastic material change the resonance frequency of the frequency response of vibration displacement. As shown by the results in Fig. 6 , when the weights of the metal case increased, the resonance frequencies decreased, while the vibration displacements increased. Therefore, the design of the PFMT with sufficient vibration displacement over the frequency range from 1 kHz to 4 kHz can be achieved by varying the stiffness of an elastic material and the mass of a metal case.
Measurement of the Unloaded Actuator Displacement
The experimental system to measure the unloaded displacement of the actuators is shown in Fig. 7 . To measure the displacement, one end of the actuator is attached to an antivibration table and the vibration displacement is obtained by measuring the other side of the actuator driven by sine waves at frequencies from 100 Hz to 10 kHz. As a laser vibrometer, the OFV2200 (Polytec, Germany) is used to measure the vibration displacement. A small spot of reflective sheet, which contains glass micro-beads, was applied to the measuring point to ensure a good reflective surface for the laser beam.
The PMN-PT multi-layered actuators used in this experiment were 1 × 1 mm cross-section, each layer was 0.2 mm thick, and the actuator stacked nine layers was 1.8 mm thick and 15 mg weight in total. As shown in Fig. 8 , the measurement results show that the frequency characteristics of the actuators are flat in the frequency range lower than 10 kHz and the vibration displacement is about 195 nm at the applied voltage of 20 V pp .
Measurement of the Vibration Displacement of the Implemented Model
To verify the simulation results, the vibration displacement measurements for the proposed mechanical model were performed. Figure 9 shows the composition of the mechanical model and the vibration measurement system. For the consideration of the mass of an incus, a SUS 304 plate of 27 mg is attached to the actuator. The mass of the actuator is 15 mg. The metal case made of a SUS 304 plate is 10 mg and small clay spheres are used for varying the total mass of the metal case. The variable masses of the case are 10 mg, 27 mg, and 37 mg, respectively. The rubbers have a cross-sectional area of 1 × 10 −6 m 2 and the elastic coefficient of 1.38 GPa. Their thicknesses are 100 µm and 200 µm and the weights are 0.07 mg and 0.14 mg. Figure 10 shows the result of experiment for the mechanical model. The results of experiment are similar to those of the computer simulation. The resonant frequency is 4.6 to 5.4 kHz at the rubber thickness 100 µm and 2.1 to 2.4 kHz at 200 µm. The vibration displacements are increased widely and the peak of signal is smoothed down near the resonance frequency according to the damping of the elastic material. As shown by the results in Fig. 10 , when the weight of the metal case increased, the resonance frequency decreased, while the vibration displacement increased like the results of computer simulation. Therefore, the design of the PFMT with sufficient vibration can be achieved by varying the stiffness of an elastic material and the mass of a metal case over the audible frequency range.
Discussion
The force generated from the piezoelectric actuator is enough for driving the ossicular chain but the transmission of this force from the actuator to the ossicle is inefficient when the actuator is floating without being fixed in the middle ear. The proposed transducer can deliver the force from the actuator to the ossicle using the metal case as a floating inertial mass. As the vibration amplitude of the actuator is limited by the applied driving input voltage, the elastic material is inserted between the clamp and the actuator to boost the vibration displacement by the formation of a resonant system. As well as the elastic material boosts the vibration amplitude at low frequencies, it also can affect the transient response of the transducer. But, in the case of our implemented transducer, the stabilization time was about 2.5 ms when the step input signal was applied. Since normal earphone's vibration membranes show above 10 msec stabilization time at the step input signal, our implemented transducer shows a proper transient response without sound distortion due to the stabilization time of the transient response altered by the elastic rubber.
The vibration displacement by the PFMT attached on the ossicle has been both simulated and verified experimentally. The results of simulations and experiments are in good agreement of tendency, confirming the correctness of our mechanical modeling. As the stiffness of ossicles ligaments is very small, the vibration displacement in practical implantation using this transducer will be mainly affected by the mass ratio of the incus and the case.
The vibration amplitude is essential information for the design of the transducer. The recent temporal bone studies show that the peak-to-peak stapes displacement for fresh temporal bone at acoustic input of 100 dB SPL is about 100 nm [8] and the frequency response characteristics of the incus are similar to that of the stapes [3] . So, more than 100 nm of vibration displacement of the incus in our experiment is enough for the current IMEHDs.
The vibration displacement is proportional to the driving voltage of the piezoelectric actuator. In this experiment, the driving voltage is 20 V pp . If more vibration displacement or less weight of the transducer is needed, then the driving voltage of the actuator can be increased. Practically, increasing the driving voltage is limited by the characteristics of the piezoelectric material. The piezoelectric actuators used in this experiment operate up to 40 V pp in normal operation and the vibration displacement of the actuator itself can be magnified twice the level of this experiment, about 400 nm according to the voltage-displacement linearity. The PMN-PT multilayered piezoelectric transducer offers an additional option over the design of the PFMT. Figure 11 shows the designed PFMT with various masses and materials. The designed PFMT is small enough that it could be attached to the ossicle in the middle ear and generate more than 100 nm of the vibration displacement which is a sufficiently high output to more than approximate the equivalent sound pressure of 100 dB SPL. This PFMT has ad- justable frequency response using the metal case and the elastic material. Also, it promises several advantages including simple surgical operation, MRI compatibility, small power consumption, and biocompatibility.
Conclusions
A PFMT modeling and design for IMEHDs, consisting of a piezoelectric actuator, an elastic material, and a metal case, are investigated. The transducer is attached on the incus long process using a simple surgical procedure similar to Vibrant Med-el's FMT. The construction of the transducer is efficient for transmitting the force from the actuator to the incus. The vibration of the transducer attached on an ossicle is modeled and the vibration displacement is calculated using computer simulation and followed by the experimental verification.
It is shown that the designed PFMT can allow implantation in the middle ear cavity and provide a sufficient high output more than 100 nm of the vibration displacement. Plus, the PFMT design can be optimized through the adjustment of the mass of a metal case and the stiffness of an elastic material among the transducer components.
